rocks are exhumed and oxidatively weathered, or when metamorphism during subduction leads to 47 outgassing of CO2 and reduced carbon/sulfur species, the latter of which can react with O2 ( Fig.  48 1) [1] [2] [3] 8, 9] . A key process that is less constrained is the subduction of organic carbon into the 49 mantle, from where its recycling to the surface is slower than crustal recycling [4, [10] [11] [12] [13] [14] [15] . In this 50 view of the carbon cycle ( Fig. 1) , an increase in the steady state atmospheric oxygen levels is thus 51 linked to increase in the steady state organic carbon content of Earth's crust and/or mantle. 52 Changes in O2 sinks other than those derived from crustal recycling of organic carbon-derived 53 reducing power, for example due to geologically-driven changes in the redox state of the mantle, 54 crust and/or volcanic gasses, have also been argued to contribute to atmospheric oxygenation [16-55 21]. 56 57
Earth oxygenation is generally thought to have proceeded in two major stages. The first stage, also 58 known as the 'Great Oxidation Event' [17] , began near the boundary between the Archean (4000-59 2500 Mya) and Proterozoic (2500-541 Mya) and produced atmospheric oxygen levels at around 60 0.1-1% of modern [2, [22] [23] [24] [25] [26] [27] [28] . After a prolonged period of relative global stasis [29-31], 61 atmospheric oxygen restarted its climb toward modern levels near the boundary between the 62
Proterozoic and Phanerozoic (541 Mya -current), eventually increasing an additional 2-3 orders 63 of magnitude and paving the way for the rise of large multi-cellular animals [32] [33] [34] [35] [36] [37] [38] [39] [40] . In this review 64 I will focus on this second stage, also known as the 'Neoproterozoic Oxidation Event' [40] , and in 65 particular on metabolic innovations occurring in the oceanic biosphere at that time. 66 67
The basic relationship between the global carbon cycle and atmospheric oxygen ( Fig. 1) suggests 68 that understanding the balance between primary production and aerobic respiration, and the 69 resulting impact on carbon burial, is key to understanding the history of Earth oxygenation. It has 70 previously been argued that Neoproterozoic (1000-541 Mya) oxygenation was driven by effective 71 Figure 1 . Schematic view of the coupled biological (red) and geological cycles of organic carbon and sulfur (blue). For simplification, chemical processes are shown without accurate stoichiometry and only key chemical species are highlighted. Organic carbon is represented in its general stoichiometry of CH2O and iron oxide minerals are represented as {Fe 3+ }. Long-term sequestration of organic carbon and pyrite in Earth's crust and mantle allows oxygen to accumulate in the atmosphere and oxidized minerals to accumulate in the crust. The organic carbon cycle is ultimately tied to the inorganic carbon cycle (shown as bidirectional arrows between CO2 and carbonates), further linking the evolution of the biosphere and the solid Earth. decreases in the efficiency of respiration due to faster sinking of larger organisms and/or their fecal 72 pellets [41] [42] [43] [44] or because of changes in the composition sediments that more efficiently trapped 73 organic matter [45, 46] . While such factors likely played a role, I will argue here that the ultimate 74 driver of Neoproterozoic oxygenation was a major increase in biospheric productivity. While all 75 oxygenic photosynthesis is performed by cyanobacteria or photosynthetic eukaryotes (whose 76 chloroplasts are derived from cyanobacteria), each of these broad groups contain a great diversity 77 of lineages that have different physiologies, occupy different ecological niches and which arose at 78 different times in Earth history [47] [48] [49] [50] . Identifying the constraints and driving forces that underpin 79 the evolutionary diversification of oxygenic photosynthesizers is important for understanding the 80 evolution of the carbon cycle ( Fig. 1 ). 81 82
Broadly speaking, the Neoproterozoic is when photosynthetic eukaryotes began to take over from 83 cyanobacteria as Earth's dominant primary producers, eventually driving a major increase in 84 global primary production [51] [52] [53] [54] [55] [56] [57] [58] . Important exceptions that ultimately help explain this "rule" 85 are the marine picocyanobacteria Synechococcus and Prochlorococcus [59-62], whose ancestors 86 also arose in the Neoproterozoic [63, 64] and which are estimated to account for around 25% of 87 biological CO2-fixation in the modern oceans [65] . We recently reconstructed the metabolic 88 evolution of this group [66] , which revealed key driving forces and feedbacks that help us 89 understand both the long-term oxygenation of the oceans as well as the general ecological 90 dominance of photosynthetic eukaryotes. To place observed metabolic innovations in context, I 91 will first review the evolution of ocean chemistry between the Neoproterozoic and early 92
Phanerozoic. 93 94
Biogeochemical dynamics of the Neoproterozoic and early Phanerozoic 95 96
Marine picocyanobacteria expanded into the oceans during a time of major upheaval in the whole Proterozoic Modern dissolved as free ions but instead is bound to a vast pool of dissolved organic carbon (Fig. 2 ) 148 [120, 121] . While some iron is bound to special iron-scavenging siderophores, a large fraction is 149 bound to more weakly-chelating compounds that are common metabolic intermediates or 150 precursors of cellular building blocks, such as polysaccharides and simple carboxylic acids and/or 151 alcohols [120] [121] [122] [123] . This suggests that perhaps the evolution of cellular metabolism itself helped 152 ancestral oxygenic photosynthesis overcome its inherently self-damping nature. To explore this 153 possibility and the mechanisms involved, I will next review metabolic innovations of marine 154 picocyanobacteria, which occurred between the Neoproterozoic and early Phanerozoic as the 155 ocean became oxygenated and iron levels dropped. 156 157
Metabolic evolution of marine picocyanobacteria 158 159
Marine picocyanobacteria provide an ideal model system for understanding the evolution of the 160 biogeochemical cycles as the ocean became oxygenated. pathways were added for excreting organic carbon from the cell [66] (Fig. 4A ). The latter is 168 inferred from a range of observations, including: 1) the truncation of metabolic pathways that leave 169 dead ends in the network (Fig. 4A) , 2) genomic rearrangements that place export transporters next 170
Fig. 3
Graphical representation of the hypothesis that ancestral cyanobacterial photosynthesis had a built-in negative feedback (black arrow highlighted by '-' sign) that prevented its expansion into the deep open ocean. Relative sizes of electron transfer components reflect their cellular stoichiometry in cyanobacteria. Red lettering indicates the number of iron atoms that components require. Red arrow directed from Fe 2+ to photosynthetic machinery reflects assimilation flux needed to build photosynthetic machinery, which is counteracted by oxygen-driven flux to Fe 3+ . Insolubility of Fe 3+ in the presence of O2 is highlighted by small flux back to Fe 2+ . Blue dashes arrows reflect the flow of electrons arising from water splitting. Abbreviations: PS2 = photosystem II, cyt b6f = cytochrome b6f, PS1 = photosystem I. Studies of aerobic heterotrophs that can facultatively switch between respiration and fermentation 199
FeS

have identified direct benefits of excreting organic carbon that could be relevant to 200 Prochlorococcus. Fermentation pathways that involve excretion of incompletely oxidized carbon 201 are more thermodynamically downhill and can sustain higher rates of ATP production than 202 respiration pathways that fully oxidize carbon to CO2 [141] [142] [143] . This allows cells with plentiful 203 supplies of organic carbon to increase their growth rates by switching to fermentation and 204 redirecting protein biomass from ATP production to biosynthesis where is the specific growth rate and # are the cellular nutrient quota. Combined evidence thus 245
suggests that the addition of pathways for excreting organic carbon -an extracellular sink for 246 electrons -reflects a general increase in the total throughput of electrons, as defined by the 247 electron-to-nutrient flux ratio of cells, " # ⁄ (Fig. 4B ). Since the photosynthetic electron flux 248 carries solar energy into metabolism, an increase in " # ⁄ suggests an increase in the metabolic 249 rate (energy time -1 mass -1 ) of cells. 250 251
An important clue for why selection favored an increase in cellular metabolic rate comes from the 252 extant population structure of Prochlorococcus. The most recently diverging, highest metabolic 253 rate phenotypes ( Fig. 4B) cells use increased carbon and ATP supplies to drive pathways into saturation, keeping a larger 279 fraction of enzymes occupied by all but the limiting nutrient(s), thereby causing ATP production 280
to outpace consumption and the ATP/ADP ratio to increase [66] . An increasing ATP/ADP ratio 281 would in turn cause forward rates of ATP-consuming reactions to increase until ATP production 282 and consumption are once again in balance. While in principle it would appear possible to drive 283 pathways into saturation by decreasing their maximal rates (e.g. by lowering enzyme levels), 284
possibly circumventing the need for excreting (excess) carbon, the pathways for assimilating 285 carbon and limiting nutrients into biomass are intimately intertwined, making this a potentially 286 counterproductive strategy. 287 288
Thus, while further study is needed, combined evidence led us to conclude that evolutionary 289 increases in cellular metabolic rate and organic carbon excretion ( Fig. 4) 
295
where # H ⁄ is the cellular stoichiometry of nutrient n and carbon, # # ⁄ is the efficiency of 296 carbon-fixation (i.e. the number of carbon that are fixed per electron obtained from water splitting), 297
and is the fraction (0< <1) of the carbon flux that is excreted. The nutrient uptake flux can in 298 turn be related to the free energy of the nutrient uptake reaction using reversible Michaelis-Menten 299 kinetics [66]: 300 301
where [ ] is the concentration of the uptake transporter enzyme, U,# is its Michaelis constant, 302
S is the rate constant of the uptake reaction and the forward and backward reactions are related 303
. Finally, equations 4 and 5 can be 304 combined to relate relevant features of cells to the nutrient concentrations at which they can grow 305
[66]:
308 Equation 6 immediately shows that selection for growth at lower nutrient concentrations favors a 309 decrease in the nutrient uptake flux ( # ). However, as outlined above, resulting decreases in the 310 minimal subsistence nutrient concentration [ ] are self-limiting because it increases the free 311 energy cost of uptake ∆ 1 (Eq. 3). As argued above, cells are able to compensate for this increased 312 cost by driving metabolic pathways into saturation, thereby driving up the ATP/ADP ratio, and 313
excreting the resulting excess carbon. By this logic Eq. 6 thus suggests that selection for growth at 314 lower nutrient concentrations favors increasing " # ⁄ as well as the excretion of organic carbon, 315
as observed in the evolution of Prochlorococcus (Fig. 4B ). 316 317
Evolutionary dynamics of Prochlorococcus 318 319
The reconstructed metabolic evolution ( Fig. 4) The proposed dynamic ( Fig. 5 ) is consistent with a recent study on the evolution of nitrate 331 assimilation in Prochlorococcus [188] . It was shown this trait is absent in basal Prochlorococcus 332 clades, even though its evolution is governed by vertical inheritance going back to before the split 333
between Prochlorococcus and Synechococcus [188]. Studies of seasonal ecological dynamics in 334
Prochlorococcus had previously shown that cells with the ability to assimilate nitrate are selected 335 for in summer months when light is intense and concentrations of all forms of nitrogen are low 336
[189]. This led to the conclusion that basal clades originally occupied more of the water column 337 before niche partitioning restricted them to the bottom of the water column ( involving iron ( Fig. 6 ). For example, the same classes of organic compounds (carboxylic acids, 371 polysaccharides) released by marine picocyanobacteria are produced in terrestrial ecosystems and 372 are known to enhance the weathering of rock minerals, releasing the iron and phosphorus they 373 contain [193, 194] . In the open ocean, rock minerals in wind-blown desert dust are the major source 374 of iron [195] , as well as a source of phosphorus [196, 197] . Thus, the evolution of marine 375 picocyanobacteria not only enhanced the bioavailability of iron as the ocean became oxygenated, 376
but potentially also increased the supply of available iron and phosphorus into the oceans [66]. 377
Such a link between the cycles of iron and phosphorus is consistent with observations that some 378 oceanic heterotrophs release iron-chelating compounds when they are phosphorus-limited, 379
presumably to dissolve minerals containing both iron and phosphorus [198] . In addition, while 380
photosynthetically-produced organic carbon enhanced the bioavailability of iron in oxygenated 381 environments ( Fig. 6 ), overall iron levels still decreased significantly relative to those in the 382 previously anoxic oceans [116] . This led to a decrease in the scavenging of phosphorus (Fig. 2 There are a wide range of parallels between the rise of marine picocyanobacteria and the rise of 404 land plants. Key observations at the level of cellular metabolism come from analyses of the highly 405 abundant oceanic alphaproteobacteria SAR11 [167, 205] , which like marine picocyanobacteria is 406 estimated to have emerged during the Neoproterozoic [206] . Reconstructions suggest the 407 metabolic core of SAR11 underwent a global remodeling that was complementary to that of 408 Prochlorococcus (Fig. 4A ), resulting in compatible pathways for the exchange of organic carbon 409 between the two groups ( Fig. 7 , top panel) [63] . This is consistent with previous experiments that 410
showed that SAR11 requires several of the compounds identified as excretion pathways in 411
Prochlorococcus (Fig. 4A ) [207, 136] . The pathways involved in these exchanges are highly 412 similar to those mediating metabolic interactions between chloroplasts and mitochondria in green Convergence in the metabolic evolution of the two systems extends from core pathways to their 419 energy metabolism (Fig. 7, top Similarities between oceanic microbial ecosystems and land plants also include the timing and 433 biogeochemical impact of their emergence on the Earth system (Fig. 7, bottom nitrogen-fixing bacteria in their rhizosphere [200, 220] , increasing the supply of fixed nitrogen into 441 the terrestrial biosphere [221] . It has been suggested that the key contribution of plants to 442 enhancing terrestrial nitrogen-fixation was to physically separate the oxygen-sensitive nitrogenase 443 enzyme in soils and above-ground oxygen production in leaves [222] . However, planktonic 444 nitrogen-fixers expanded into the oceans around the same time [63] without this help from plants, 445 and in general nitrogen-fixing microbes expend most of their energy budget on managing 446
intracellular oxygen as external levels increase [223] . This suggest the increase in metabolic power 447 of eukaryotic photosynthesis and associated production of organic carbon was the more general 448
facilitating factor stimulating nitrogen-fixation across environments (Fig. 7) , working in concert 449 and organic carbon burial as the productivity of the terrestrial biosphere increased, driving an 455 increase in atmospheric oxygen [228,229] (Fig. 7, bottom panel) . The proposal outlined above 456 ( Fig. 6 and surrounding discussion) extends those arguments to the water column and highlights 457 the convergent biogeochemical evolution of eukaryotic photosynthesis on land and in the sea (Fig.  458  7) [66]. 459 460
Outlook: biospheric self-amplification, plate tectonics and Earth oxygenation 461 462
Cellular metabolism provides a unique lens into Earth history [230] . Looking through this lens in 463 marine picocyanobacteria leads to a general framework in which ecosystems follow self-464 amplifying evolutionary trajectories ( Fig. 8) [66]. This holds for particular groups, for example in 465 the niche partitioning of Prochlorococcus (Fig. 5) , as well as for the biosphere as a whole. As cells 466 acquire innovations that allow them to obtain ever-sparser nutrients (Fig. 4 , Eq. 6), more nutrients 467 are driven from the environment into the living state, increasing total ecosystem biomass ( Fig. 5  468 & 8). This in turn promotes the mobilization of nutrients at larger scales, for example through 469 enhanced weathering of rocks in the case of iron and phosphorus, or by creating opportunities for 470 nitrogen-fixers in the case of nitrogen (Fig. 7) . Near the end of the Proterozoic, the increasing cellular energy flux and associated production of 478 organic carbon of eukaryotic photosynthesis, which from a metabolic perspective includes marine 479 picocyanobacteria ( Fig. 7) , helped the biosphere push through these negative feedbacks and 480
expand into the open ocean and onto the continents, where nutrients were inherently harder to 481 come by as oxygenation proceeded (Figs. 6 & 7) . This scenario is consistent with phylogenomic 482 analyses suggesting freshwater origins for both cyanobacteria and photosynthetic eukaryotes 483
[231,232] and molecular biomarker studies indicating a major expansion of eukaryotic green algae 484 in the marine realm in the late Neoproterozoic [55] . The faster sinking of larger organisms and/or 485 their fecal pellets [41-44] likely still acted as a positive feedback promoting ocean oxygenation in 486 the Neoproterozoic and Phanerozoic (Fig. 1 ), but this feedback was driven from the bottom up as 487 more food became available to higher trophic levels ( Fig. 5 & 8 One key process that has likely always had a major role in mediating interconnections of biological 510 and geological change is continental weathering and sedimentation. The weathering of rocks 511 supplies life with essential nutrients, while biological activity enhances the weathering of rocks 512
[218,219,224-227] (Fig. 7) , creating a positive feedback loop. A positive bidirectional link 513 between biospheric productivity and weathering and sedimentation is consistent with the large-514
scale record of sedimentary carbon. Isotopic patterns in this record indicate that the fraction of 515 total carbon buried in sediments derived from organic carbon and inorganic carbonates is stable at 516 a ratio of around ~20:80 throughout most of Earth history, although large transient divergences 517
from this ratio are seen around both the Great and Neoproterozoic Oxidation Events [6,7]. The 518 sediment record itself thus indicates that any major increases in the steady state burial of organic 519 carbon must have been coupled to similar increases in the steady state burial of carbonates, the 520 A fundamental link between biospheric productivity and weathering/sedimentation rates also helps 526 answer a conundrum regarding the relationship between the mechanisms of organic carbon burial 527 and atmospheric oxygenation. The fraction of organic carbon that is ultimately buried after 528 deposition is inversely proportional to the "oxygen exposure time", which is obtained by dividing 529 the depth to which oxygen penetrates into sediments by the overall sedimentation rate [258] . The 530 oxygen penetration depth of sediments in turn depends on their composition and on the oxygen 531 concentration of bottom waters. As a consequence, Earth oxygenation effectively acts to stymy 532 itself by decreasing the fractional burial of sedimentary organic carbon, unless increases in oxygen 533 levels are coupled to increases in sedimentation rates and/or changes in the composition of 534 sediment that make them less penetrable to oxygen [6] . Evidence for the latter around the 535
Proterozoic-Phanerozoic boundary comes from analyses that suggest biologically-driven increases 536
in the production of fine-grained clays and muds by the early Phanerozoic [45,46,259-261]. 537
Sedimentary clay minerals have recently been shown to trap organic carbon and prevent 538 breakdown even in the presence of oxygen through a combination of physical and chemical effects, 539 significantly contributing to the global sequestration of organic carbon [262] . It thus appears that 540 increases in overall weathering/sedimentation rates and in the production of less-penetrable 541 sediments worked in tandem to counteract the negative effect of oxygenation on organic carbon 542 burial, allowing oxygen to rise. 543 544
The existence of a positive feedback between biospheric productivity and continental weathering 545 leads to two possible endmembers for interpreting the drivers of global change around the Great 546
and Neoproterotezoic Oxidation Events. One possibility is that the solid Earth is the ultimate 547 pacemaker of change -biospheric expansions occur when the cooling of the mantle and crust 548 passes through tipping points that trigger changes in the nature of plate tectonics and/or continental 549 exposure, thereby increasing the supply of rock-derived nutrients. In this scenario, the biosphere 550 still plays a key role in unlocking the nutrient supply that fuels it, but this feedback is driven from 551 the bottom up by changes in the solid Earth. 552 553
The other possibility is that life plays a more active role in driving change. Indeed, it has been 554 argued that, by coupling solar energy into Earth's geochemical cycles, the evolution of 555 photosynthesis accelerated the formation of lighter granites from heavier basalts, thereby 556 increasing crustal buoyancy, promoting the rise of stable continents and directly influencing the 557 mode of plate tectonics [263-265]. These arguments were subsequently extended to say that by 558 modulating the production of sediments available to subduction, life directly influences the flow 559 of water and other volatiles into the mantle and promoting greater continental exposure [266, 267] . 560
If such ideas are correct, then the evidence for a two-step expansion in biospheric productivity at 561 the start and end of the Proterozoic (Fig. 7 ) and the broader biogeochemical parallels between the 562
Archean-Proterozoic and Proterozoic-Phanerozoic boundaries suggest that similar mechanisms 563 may have operated in both periods. 564 565
Framing the co-evolution of the biosphere and solid Earth as playing out between these two 566 endmembers provides relevant context to discussions on the temporal relationship between the 567 evolution of oxygenic photosynthesis and atmospheric oxygenation. Considering the nature of metabolic evolution provides further clarification on why oxygenation 590 was delayed relative to the roots of major photosynthetic groups. What we today recognize as 591 cyanobacterial photosynthesis involved a multitude of innovations -encompassing core pathways, 592
cofactors, photosynthetic and electron-transfer machinery and the (thylakoid) membranes that 593 house them, damage protection mechanisms needed to adapt to an oxidizing environment [5,282-594 287] -and these were likely acquired over time rather than all at once. Similarly, the reconstructed 595 evolution of marine picocyanobacteria (Fig. 4) highlights how the diversification and ecological 596 expansion of eukaryotic photosynthesis (Fig. 7) involved the sequential acquisition of a complex 597 set of innovations [66] over the course of hundreds of millions of years [63, 64] . Finally, in the case 598 of cyanobacteria, the first accumulation of oxygen also led to the eventual emergence of an ozone 599 layer [25] , which filtered out damaging UV radiation and allowed cyanobacteria to continue their 600 expansion [288] . Thus, the size of habitats available to cyanobacteria and photosynthetic 601 eukaryotes and their ability to fill those habitats in general thus likely increased in tandem during 602 the rise of continents. 603 604
It has become increasingly clear that the biosphere is intimately intertwined with the rest of the 605
Earth system and that evolution of the energy flows it mediates have far-reaching consequences 606
for the planet. Reconstructing the evolutionary history of the biosphere is critical as we look toward 607 a future in which humans are dramatically altering Earth's energetic landscape, but also poses 608 major challenges. The two main repositories of Earth history are the planetary inventory of rocks 609 and the DNA inside living cells, each of which have their own unique advantages and difficulties. 610
The geologic record in principle provides direct information of the environmental conditions under 611 which rocks were formed but gets increasingly difficult to interpret in deep time because the record 612 becomes sparser and rocks have had a longer time to undergo post-depositional changes. The 613 genomic record in turn is vast and reaches back to the first cells, in principle providing information 614 about environmental processes and conditions shaping evolution throughout Earth history, but this 615 information is indirect and decoding it is difficult, partly because direct temporal constraints are 616 often lacking. Despite these challenges, the geologic and genomic records are highly 617
complementary and metabolism provides a key lens for helping us align them and achieve a more 618
integrated 
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